ABSTRACT: Introduction: Spinal cord injury (SCI) results in skeletal muscle atrophy, increases in intramuscular fat, and reductions in skeletal muscle oxidative capacity. Endurance training elicited with neuromuscular electrical stimulation (NMES) may reverse these changes and lead to improvement in muscle metabolic health. Methods: Fourteen participants with complete SCI performed 16 weeks of home-based endurance NMES training of knee extensor muscles. Skeletal muscle oxidative capacity, muscle composition, and blood metabolic and lipid profiles were assessed pre-and post-training. Results: There was an increase in number of contractions performed throughout the duration of training. The average improvement in skeletal muscle oxidative capacity was 119%, ranging from -14% to 387% (P 5 0.019). There were no changes in muscle composition or blood metabolic and lipid profiles. Conclusion: Endurance training improved skeletal muscle oxidative capacity, but endurance NMES of knee extensor muscles did not change blood metabolic and lipid profiles.
impairment or complete loss of function of skeletal muscles in affected areas. Improved treatments have extended life expectancy after SCI 1 to the extent that SCI patients may be more susceptible to chronic health problems compared with ablebodied individuals. Cardiovascular disease is more prevalent in those with SCI 2 and is also a leading cause of death in those with paraplegia. [2] [3] [4] Similarly, dyslipidemia, metabolic syndrome, and type II diabetes mellitus are also more prevalent in the SCI population when compared with the ablebodied population. 5 After paralysis, profound changes in skeletal muscle size and strength occur rapidly. 6, 7 Decreases in muscle size occur concomitantly with increases in intramuscular fat (IMF). 8, 9 Previous studies have suggested that decreases in muscle size and increases in IMF are related to a number of chronic health conditions, including glucose intolerance, 9, 10 diabetes mellitus/metabolic syndrome, 11 dyslipidemia, 10 cardiovascular disease, 12 and osteoporosis. 13 Paralysis is also associated with increased muscle fatigue in response to electrical stimulation. [14] [15] [16] Skeletal muscle oxidative capacity is a term that reflects oxygen uptake and utilization of skeletal muscle tissue, and several studies have used different measurement approaches to show that muscles in people with SCI have reduced skeletal muscle oxidative capacity. [17] [18] [19] Reduced skeletal muscle oxidative capacity may be associated with development of chronic diseases.
Exercise is a potent stimulus that beneficially affects numerous tissue/organ systems to improve health and reduce the risk of chronic diseases. The paralysis that ensues after SCI provides a significant hurdle for patients to perform whole-body exercise training. Neuromuscular electrical stimulation (NMES) has been used extensively in rehabilitation settings, and numerous studies have demonstrated its efficacy in promoting adaptive responses in SCI patients. For example, NMES resistance exercise training induces skeletal muscle hypertrophy and may reduce IMF. [20] [21] [22] [23] A previous study reported that resistance NMES training also resulted in significant improvements in in-vivo skeletal muscle oxidative capacity. 24 These improvements averaged 25% and, although significant, were not enough to bring skeletal muscle oxidative capacity to near able-bodied levels. Twitch contractions have been shown to induce metabolic changes in skeletal muscle. 25 A previous study in patients with SCI showed that low-frequency stimulation can increase the expression of peroxisome proliferator-activated coactivator-1a (PGC-1a) and other metabolic transcription factors. 26 The purpose of this study was to test whether an NMES endurance protocol using twitch contractions could enhance in-vivo skeletal muscle oxidative capacity and improve blood metabolic and lipid profiles. This study adds to a previous case report that showed endurance NMES training led to increased skeletal muscle oxidative capacity in an individual with a motor-complete SCI. 24 
METHODS
In this study we used a pre-vs. post-test study design to evaluate the effects of endurance NMES training. Participants classified as ASIA Impairment Scale (AIS) level A or B (motor-complete or sensory-incomplete) were recruited for this study. Outcome variables assessed pre-vs. post-endurance NMES training included skeletal muscle oxidative capacity, muscle composition (muscle area, fat area, and percent fat), and blood metabolic and lipid profiles. All participants provided written informed consent before study participation. Institutional review board approval for this study was obtained from the research review committee at the Shepherd Center (Atlanta, GA) as the primary review site, and the University of Georgia as the secondary review site.
Endurance Neuromuscular Electrical Stimulation
Training. Participants completed 16 weeks of home-based endurance NMES training consisting of twitch contractions (pulse duration/interval 5 200/50 ls). Two surface electrodes were placed on the knee extensor muscles of both legs. Participants were instructed carefully to place the distal electrode approximately 1 cm above the knee and the proximal electrode 158-208 laterally, approximately one-half to two-thirds up the femur (Fig. 1 ). This electrode placement targets the entire knee extensor muscle group, including the vastus lateralis muscle. This electrode placement is consistent with our previous studies that utilized a resistance training protocol. 20, 24, 27, 28 Parameters of endurance NMES including electrical stimulation frequency, duration of session, and number of days per week progressively increased as follows: from 2 HZ to 7 HZ; from 10 minutes to 75 minutes; and from 3 to 5 days per week. These parameters were increased over the course of 16 weeks based on the onset of muscle fatigue, which was defined as visual observation of reduced muscle performance. The intensity of electrical stimulation varied among participants and was selected based on visual observation of vigorous muscle contraction and remained constant throughout the training.
The initial training session was performed in the Exercise Muscle Physiology Laboratory (Athens, GA) under the supervision of trained research personnel. Participants, or a caregiver, were taught proper electrode placement, as well as how to operate the portable electrical stimulation unit (TheraMini 2; Richmar, Chattanooga, Tennessee). Participants completed the remainder of the training sessions at home using the portable electrical stimulation unit.
After completion of each training session, participants reported to researchers by phone to monitor training progression. Electrical stimulation frequency, intensity, and session duration were recorded, and the number of contractions per session was calculated (frequency 3 session duration, in seconds).
All participants initiated training at 2 HZ and trained at this frequency until their muscles were able to sustain strong contractions for 30 minutes. Once this was achieved, the twitch frequency was increased by 1 HZ each week, until 7 HZ was reached. Next, participants increased the training duration by approximately 2-5 minutes each training session, based on muscle performance. Finally, participants incorporated additional days into their training (progressing from 3 to 5 days per week). All participants followed these training guidelines based on feedback from researchers after each training session. Post-testing sessions occurred within 1 week after the last training session.
Skeletal Muscle Oxidative Capacity. Near infrared spectroscopy (NIRS) was employed to measure skeletal muscle oxidative capacity of the vastus lateralis muscle before and after 16 weeks of endurance NMES training in 9 participants using methods described previously. 18 For this protocol, participants lay supine on an exam table with an NIRS probe (Oxymon MK III; Artinis Medical Systems, Elst, The Netherlands) secured to the vastus lateralis muscle. Two surface electrodes were placed on the vastus lateralis muscle, adjacent to the NIRS probe. An arterial occlusion cuff was placed upstream of the NIRS probe around the upper thigh. A short bout of electrical stimulation (10 seconds, 4 HZ) was applied to the muscle to increase skeletal muscle oxygen consumption (mVO 2 ). 18 This was followed by a series of brief (5-10 seconds) arterial cuff occlusions that were performed to determine the recovery kinetics of mVO 2 . The slope of decline of the oxygenatedhemoglobin signal (O 2 Hb) during each arterial occlusion was measured as a representation of the rate of skeletal muscle oxygen consumption. Next, the mVO 2 measurements were fitted to a monoexponential curve, and a rate constant (per minute) was calculated. The rate constant is proportional to skeletal muscle oxidative capacity. 29 All NIRS data were corrected for blood volume shifts. 30 Ultrasound B-mode imaging (LOGIQe; GE Healthcare, Chicago, Illinois) was used to measure adipose tissue thickness on top of the muscle to ensure adequate penetration depth of NIRS signal.
Magnetic Resonance Imaging. T1-weighted MRI was performed on the quadriceps and hamstring muscles before and after 16 weeks of endurance NMES in 11 participants. Testing occurred in a 1.5-T whole-body magnet (Signa Excite; GE Healthcare) at the Shepherd Center (Atlanta, GA), using methods previously described (parameters: repetition time/echo time 5 400/13.2 ms, flip angle 5 908, echo train length 5 2, field of view 5 40 3 40 cm, slice thickness 5 1 cm, acquired matrix 5 256 3 256). 31 MRI image analysis was performed using ImageJ software (National Institutes of Health), as described elsewhere. 31, 32 Briefly, the area of the quadriceps muscles was circled manually to obtain a histogram of voxel intensity. Next, reference voxel intensity of each tissue category (muscle, fat, connective tissue) was determined by averaging the intensity of 3 areas per tissue category on each MRI slice. These reference voxel intensity values were used to differentiate each tissue category within the quadriceps area. Percent intramuscular fat was calculated as a weighted percentage of voxel intensity from reference fat values. The hamstring muscle groups were also analyzed in this manner to represent an untrained control muscle.
Metabolic and Lipid Profile. Blood metabolic and lipid profiles were obtained before and after endurance NMES training in all participants to evaluate the systemic effects of the NMES training protocol. Briefly, after an overnight fast, participants reported to the Shepherd Center for a series of venous blood draws taken before and after ingestion of a 75-g glucose drink. Blood was sampled at 0, 30, 60, 90, and 120 minutes after glucose ingestion. Metabolic indices were calculated from fasting glucose and insulin values, including homeostasis model assessment insulin resistance (HOMA-IR), homeostasis model assessment insulin resistance-b (HOMA-b) , insulin sensitivity (%S), and insulin resistance (IR), using the downloadable calculator (https://www.dtu.ox. ac.uk/homacalculator/index.php). The lipid panel consisted of total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and lowdensity protein (LDL) cholesterol.
Statistical Analysis. Data are presented as mean 6 standard deviation unless otherwise noted. Twotailed, paired Student t-tests were used to determine changes before vs. after endurance NMES training. Significance was accepted at P < 0.05.
RESULTS

Endurance Neuromuscular Electrical Stimulation
Training. Participants' characteristics are listed in Table 1 . Fourteen of 15 participants completed the training. One participant was not trainable due to inadequate muscle activation during electrical stimulation, likely due to excessive adipose tissue. All participants who trained completed home-based endurance NMES training without adverse events. One participant had a leg injury unrelated to the study after completing 9 weeks of electrical stimulation training, resulting in a 20-day interruption period. Training resumed without incident after this period. All participants who completed the training had an increase in training volume, as shown in Figure 2 . The average electrical stimulation intensity used during training was 112 6 45 mA (range 100-200 mA).
Skeletal Muscle Oxidative Capacity. On average, skeletal muscle oxidative capacity increased significantly in response to endurance NMES training (pre: 0.49 6 0.15 min 21 vs. post: 1.01 6 0.49 min 21 ; n 5 9; P 5 0.019), as shown in Figure 3 . There was a wide range (-14% to 387%) of responses to endurance NMES training. During NIRS pre-or post-testing, 4 participants had muscle spasms that caused motion artifact in NIRS data resulting in unusable data, and 1 participant was not tested due to scheduling difficulties. No relationships were identified between the magnitude of change in skeletal muscle oxidative capacity and duration of injury or level of injury.
Magnetic Resonance Imaging. Overall, muscle composition of the left and right quadriceps muscle did not change in response to NMES training (Table 2) . Muscle area (left: P 5 0.9; right: P 5 0.48), fat area (left: P 5 0.63; right: P 5 0.73), and intramuscular fat (left: P 5 0.62; right: P 5 0.81) were not different before vs. after NMES training. No changes were observed in the hamstring muscle group (untrained control). One participant was unable to fit in the MRI bore and could not be tested, and 2 participants were not tested due to scheduling difficulties.
Metabolic and Lipid Panel. Blood metabolic and lipid profiles are shown in Table 3 . A small, but statistically significant reduction in hemoglobin A 1c (HbA 1c ) was seen after NMES training (3% average reduction; P 5 0.03). No changes were observed in other blood or metabolic lipid indices.
DISCUSSION
The primary finding of this study is that skeletal muscle oxidative capacity increased after 16 weeks of home-based endurance NMES training. With the exception of the 1 participant who was not trainable due to inadequate muscle activation with electrical stimulation, all participants were able to complete the study, albeit with some unrelated health issues. This was similar to the completion rate for previous resistance NMES training studies. 31, 33 Other studies have reported improvements in skeletal muscle oxidative capacity after electrical stimulation. For example, 1 study showed a 49%-340% increase in succinate dehydrogenase activity after 6 months of long-term electrical stimulation using repeated tetanic contractions 2-8 h/ day in the tibialis anterior muscle in patients with SCI. 34 A second study reported a 102% increase in citrate synthase activity after 3 months of 30-minute sessions of tetanic contractions using functional electrical stimulation (FES) cycling. 35 The increase is similar in magnitude to that in our study, where there was a 119% improvement in skeletal muscle oxidative capacity. This improvement in skeletal muscle oxidative capacity induced by endurance training is greater than that observed in a previous investigation of resistance training, which showed a 25% improvement of 31-phosphorus recovery rates. 31 In our study, electrical stimulation training varied among participants. The progression of the number of contractions (exercise stimulus) was limited by the observed contraction strength in order to ensure that the contractions were safe. There was a wide range of improvement in skeletal muscle oxidative capacity, from -14% to 387%. This wide range of responses was likely due to differences in exercise stimulus applied to the muscle. 36 The 3 greatest improvements in skeletal muscle oxidative capacity were 387%, 202%, and 175%. Interestingly, these 3 participants also performed the greatest number of muscle contractions during the final month of the NMES training program, further supporting the relationship between improvements in skeletal muscle oxidative capacity and number of muscle contractions performed. The average improvement in the remaining participants was 37%; this is not far from the expected improvements for endurance training in able-bodied individuals, which ranges between 50% and 100%. [36] [37] [38] [39] [40] Contrary to our hypothesis, we did not see changes in blood metabolic or lipid profiles. This lack of change may be due to the relatively healthy baseline metabolic and lipid profiles in this cohort. Previous resistance NMES training studies of the quadriceps muscles have demonstrated modest 28, 41 or no 31 improvements in whole-body glucose tolerance. FES cycling has been shown to improve glucose tolerance. [42] [43] [44] FES cycling differs from our endurance training protocol in several ways. FES cycling uses higher frequencies (50 HZ) to elicit tetanic contractions, whereas the endurance protocol in our study used low frequencies (2 HZ to 7 HZ) to elicit twitch contractions without summation. Also, FES cycling uses a hybrid of active and passive movement. In contrast, our endurance protocol did not result in limb movement. FES cycling also involves contracting muscles against a load (flywheel resistance); thus, FES cycling has endurance and resistance components, possibly contributing to some of the differences between the studies. In addition, the lack of change in glucose tolerance seen in our study may be due to the relatively small amount of muscle mass activated during the endurance NMES protocol. FES cycling activates considerably more muscle mass (gluteal, hamstring, and quadriceps muscles) compared with our endurance training that targeted the quadriceps muscles. Despite the positive health benefits of FES cycling, this exercise modality is limited due to high cost and low accessibility, so additional exercise approaches are desirable. To date, no investigations have examined a hybrid approach of resistance and endurance NMES training without the FES rowing and cycling devices. Another approach may be incorporation of additional muscle groups (i.e., upper body musculature) through voluntary exercise, 45, 46 which would subsequently increase the caloric expenditure during exercise and possibly lead to wholebody metabolic changes.
Participants showed a robust ability to increase the intensity and duration of NMES training, as demonstrated by the increase in electrical stimulation frequency, duration of sessions, and frequency of training sessions. This could be considered a qualitative surrogate for improved muscle endurance. The improvement in muscle endurance is consistent with previous findings that showed reduced muscle fatigability after 18 weeks of NMES resistance training, 47 as well as reduced muscle fatigability after 6 weeks of FES cycling. 48 Previous resistance NMES training studies demonstrated skeletal muscle hypertrophy after long-term SCI. Similarly, FES cycling has been shown to lead to improvement in muscle cycling performance. 35, 43 Taken together, the results of these studies show that paralyzed skeletal muscle responds to electrical stimulation even after long-term SCI, and improvements in endurance, hypertrophy, and performance demonstrate remarkable skeletal muscle plasticity.
In this study, muscle size and intramuscular fat composition did not change. This is similar to results of a previous study that also indicated a lack of hypertrophy in response to chronic electrical stimulation of paralyzed muscle, 34 suggesting that duration and type of stimulation may determine whether or not hypertrophy occurs. Endurance training is not expected to cause hypertrophy in able-bodied individuals, although expected changes in patients with SCI are not well established. The lack of change in IMF was somewhat surprising, as endurance training may be expected to reduce IMF in able-bodied individuals. It is likely that the changes in IMF are linked tightly to the caloric expense of the exercise training. Because our NMES training only involved contraction of the quadriceps muscles, it is unlikely that twitch contractions of only this small muscle mass would significantly impact energy expenditure. In fact, none of the participants in this study had a body weight change during the course of training. It is also possible that variability in participant characteristics, including gender, injury level, duration of injury, age, and body mass index, influenced the changes seen in our study.
In conclusion, 16 weeks of endurance NMES training resulted in large improvements in skeletal muscle oxidative capacity, in some cases reaching levels seen in able-bodied controls. The magnitude of improvement may be related to the number of muscle contractions performed during the training program. Despite improvements in skeletal muscle oxidative capacity, metabolic and lipid profiles did not improve. Exercise training of additional muscle groups, whether through voluntary or NMES approaches, may be required to elicit whole-body changes. Endurance NMES training is a feasible approach to exercise training for the SCI population, as it can be performed easily at home with minimal risk.
